. CT was shown to be a strong adjuvant when it was coadministered to DC with OVA and was even stronger when it was coadministered with OVA-CTB and primed for a mixed Th1-Th2 response. The antibody and T-cell responses were further enhanced if OVA was coupled to CT, implying that CT can utilize a combined carrier and adjuvant function vis-a-vis linked antigens for DC vaccination. The immunopotentiating capacity of CT-and CTB-linked antigen was associated with both upregulated secretion of interleukin-1␤ by the pulsed DC and increased expression of CD80 and CD86 on the DC surface. These results imply that CT and CTB can be used to both markedly increase and partially direct the DC vaccineinduced immune response with respect to Th1 and Th2 responses, which has obvious implications for DCbased vaccine development.
Dendritic cells (DC) are professional antigen-presenting cells (APC) which act as sentinels throughout the body. Upon an encounter with an inflammatory signal, DC transport antigens to lymphoid organs, where they activate antigen-specific CD4 ϩ and CD8 ϩ T-cells and are thus one of the most important determinants of specific immune induction (2) . The special ability of DC to activate naive T-cells is maturation dependent and is associated with the expression of high levels of cell surface major histocompatibility complex (MHC) molecules and costimulatory molecules, as well as the capacity to secrete chemokines that attract naive T cells. Due to the strong immunoactivating capacity of DC, administration of ex vivo antigen-pulsed DC has been shown both in animals and in humans to induce strong T-cell and B-cell responses (25, 28, 30, 37) and to induce protection against both tumors and infectious agents (14, 21, 25, 31, 34, 39) .
Cholera toxin (CT) and the cholera toxin B subunit (CTB) have strong immunomodulatory properties both in vivo and in vitro. Both compounds bind to GM1 ganglioside receptors present on most cells in the body, including leucocytes. CT, the cholera-inducing enterotoxin produced by Vibrio cholerae O1 and O139, is one of the most potent mucosal immunogens and adjuvants known (9, 10, 22, 29) . Full adjuvanticity requires an intact CT molecule consisting of the cell-binding pentameric B subunit noncovalently linked to the toxic ADP-ribosylating A subunit (23, 29) . Although CT can also modulate both specific B-cell and T-cell activation by direct actions on these cells, its primary action as an adjuvant is probably mediated through a direct effect on APC. Thus, CT has been found to directly affect both the cytokine profile and the cell surface phenotype of APC (5, 12) .
CTB, on the other hand, is nontoxic and a relatively inefficient adjuvant for admixed antigens, but it is a highly efficient mucosal carrier molecule for linked antigens. Chemical or genetic conjugation of some antigens to CTB can strongly enhance the induction of mucosal antibody responses to the linked antigen (8, 15, 20, 26) , but with other antigens it can give rise to immune deviation, leading to so-called antigen-specific oral tolerance peripherally (1, 15, 40) . Selected CTB-coupled antigens have thus been used in animal models to suppress T-cell-mediated autoimmune diseases (4, 42, 47) , immunoglobulin E (IgE)-mediated allergic reactions (32, 46, 48) , and infection-induced pathological inflammatory conditions (27, 41) . The mechanism behind the efficacy of CTB as a carrier and immunodeviating molecule has not been fully defined, but it is believed to be associated with the strong binding of CTB to the GM1 receptor.
We have previously shown that conjugation of antigen to CTB decreases the dose of antigen required by APC for T-cell activation in vitro more than 10,000-fold (13) . In this study we investigated the adjuvant effects of CTB and CT on the immunogenicity in vivo of DC treated in vitro. To do this, bone marrow-derived DC generated in vitro were pulsed with free or CT-or CTB-linked antigen in the presence or absence of CT and then injected into mice. Our studies showed that DC pulsed with CTB-conjugated antigen are superior to DC pulsed with free antigen for inducing both T-cell and B-cell responses in vivo and that CT has strong adjuvant properties when it is applied directly to the DC. Furthermore, the adju-vant and carrier functions of CT and CTB were combined when antigen was linked directly to CT. Conjugation of antigen to CTB preferentially induced Th2 responses, whereas CT also primed for Th1 responses. The strong immunopotentiating capacity of CT-and CTB-linked antigens was associated with upregulated production of interleukin-1␤ (IL-1␤) and increased cell surface expression of CD80 and CD86 by the pulsed DC. These results have clear implications for the design of vaccines when DC are used as vaccine carriers.
MATERIALS AND METHODS
Chemical conjugation of OVA to CT or CTB. Whole ovalbumin (OVA) (grade VI) was purchased from Sigma (St. Louis, Mo.). Recombinant CTB was produced and purified from V. cholerae strain 358 as described previously (19) . CT was purchased from LIST Biological Laboratories, Inc. (Campbell, Calif.). OVA proteins were chemically coupled to recombinant CTB or CT by using N-succinimidyl (3-[2-pyridyl]-dithio)propionate (Pharmacia) as a bifunctional coupling reagent as described previously (32) . Conjugated material was quantified and purified by fast protein liquid chromatography gel filtration (Superdex 200 16/60 column; Pharmacia Biotech, Uppsala, Sweden) by using the Biologic Workstation fast protein liquid chromatography system (Bio-Rad, Hercules, Calif.). The purified conjugates contained concentrations of OVA that were equal to those of CT and CTB. The conjugates were analyzed with a GM1 enzyme-linked immunosorbent assay (ELISA) by using biotinylated anti-CTB monoclonal antibodies (44) and were shown to have retained the GM1-binding activity.
Generation and in vitro pulsing of bone marrow-derived DC. DC were generated from bone marrow precursors as described previously (34) . Briefly, male BALB/c mice (B&K Universal AB, Stockholm, Sweden) were killed, and bone marrow was flushed from the femurs and tibias and depleted of erythrocytes with ammonium chloride. T cells, B cells, and MHC II-positive cells were removed by incubating the preparations with rat anti-mouse CD4, CD8, B220, and I-A d antibodies (1 g/ml each; Pharmingen, San Diego, Calif.) and anti-rat IgGcoated and anti-mouse IgG-coated beads (Dynal). The remaining cells were plated in 24-well plates (10 6 cells/well) in Iscoves medium supplemented with 10% fetal calf serum and 1,125 U of recombinant murine granulocyte-macrophage colony-stimulating factor (Pharmingen) per ml (DC medium). One-half of the DC medium was replaced every second day. On day 6, nonadherent cells were collected and further purified by metrizamide density centrifugation (18% metrizamide in phosphate-buffered saline [PBS] ; Sigma) at 800 ϫ g. More than 90% of the DC obtained were CD11c positive. In some experiments, DC were further purified by using anti-mouse CD11c microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany) according to the manufacturer's instructions, which yielded Ͼ99% pure CD11c-positive DC.
DC were pulsed for 2 h at 37°C with OVA, OVA conjugated to CTB (OVA-CTB), or OVA conjugated to CT (OVA-CT) at equimolar concentrations of OVA (0.5 or 0.05 M) in the presence or absence of CT (0.05 M) or CTB (0.5 M) and then extensively washed by three rounds of centrifugation prior to injection.
Fluorescence-acitivated cell sorter analysis. Antigen-pulsed DC were incubated with murine anti-OVA serum (1/10 dilution), with serum from naive mice (control antibody; 1/10 dilution), or with a monoclonal antibody to CTB (LT39; supernatant at a 1/10 dilution [45] ) for 30 min at 4°C, followed by incubation with fluorescein isothiocyanate-labeled goat anti-mouse IgG (Serotec), or they were directly labeled with phosphatidylethanolamine (PE)-conjugated anti-mouse CD80 clone 16-10A1 or PE-conjugated anti-mouse CD86 clone GL1 from Pharmingen or with PE-conjugated rat IgG2a() and fluorescein isothiocyanateconjugated Armenian hamster IgGgr2() isotype controls.
Cytokine secretion by DC. DC were incubated at a concentration of 10 5 cells/well in flat-bottom 96-well plates (Nunc) in the presence or absence of CT (0.05 M) or CTB (0.5 M) in 200 l of complete medium. Culture supernatants were collected after 24 h and frozen at Ϫ70°C until they were assayed for cytokine content. Culture supernatants were analyzed for IL-1␤ by using specific Duoset ELISAs from R&D according to the manufacturer's instructions. IL-12 and IL-18 were similarly measured by using OptEIA mouse IL-12(p40) and IL-18 sets from Pharmingen.
Vaccinations and sample collection. BALB/c mice were given two intravenous injections 2 weeks apart of 2 ϫ 10 6 DC in 100 l of PBS. Two weeks after the second DC vaccination, the mice were boosted with 3 g of OVA in Freund's complete adjuvant (FCA) subcutaneously. Serum was taken prior to vaccination, at the time of boosting (day 14 after the second DC vaccination), and on day 9 after OVA-FCA administration and was frozen at Ϫ20°C until it was analyzed for OVA-specific antibody production. Mice were sacrificed on days 9 to 14 after the OVA booster injection. The spleens were collected, and single-cell suspensions were analyzed for OVA-specific gamma interferon (IFN-␥) production in vitro. These studies were approved by the Ethical Committee for Animal Experimentation, Göteborg, Sweden.
Antibody responses in serum. High-binding microtiter plates (Greiner) were coated with OVA (20 g/ml in PBS) overnight. Threefold serial dilutions of sera were incubated for 90 min in PBS containing 0.1% bovine serum albumin. After this, peroxidase-conjugated anti-mouse IgG (1/3,000), IgG1 (1/1,000), or IgG2a (1/1,000) (all obtained from Southern Biotechnology) was added for 90 min at room temperature. The reaction was developed with 100 l of a 1-mg/ml solution of o-phenylenediamine dihydrochloride (Sigma) in 0.1 M citrate buffer (pH 4.5) containing 0.04% H 2 O 2 , and the results were read at 450 nm. The specific antibody titer was estimated by determining the interpolated sample dilution that gave an absorbance that was 0.4 U above the background level (the background level was defined as the absorbance obtained with 0.1% bovine serum albumin). No anti-OVA antibodies were detected in preimmunization sera. The assay was standardized by using a pool of sera from OVA-hyperimmunized mice.
Cytokine responses in spleen cell suspensions. B-cell activation following DC vaccination was assessed by measuring anti-OVA serum immunoglobulin titers. T-cell analyses were hampered because the DC induced fetal calf serum-specific T-cell responses. To circumvent this problem, we used another source of serum (horse serum) in our in vitro analysis; in our hands, this method allowed only short assays (i.e., cytokine determinations but not proliferation assays).
IFN-␥ production in spleen cells was measured by using a modified version of a cell ELISA method (3) with an IFN-␥ ELISA kit (R&D) according to the manufacturer's instructions. Briefly, mononuclear spleen cell suspensions were seeded in duplicate at different cell densities into Iscoves medium containing 5% horse serum in the presence or absence of OVA (500 g/ml) and incubated at 37°C for 24 h in anti-IFN-␥-coated flat-bottom 96-well plates. The cells were removed by extensive washing, and biotinylated anti-mouse IFN-␥ was added overnight at 4°C; this was followed by 45 min of incubation with 2 g of peroxidase-labeled avidin (Sigma) per ml at room temperature. Color was developed with 100 l of peroxidase substrate containing 3,3Ј,5,5Ј-tetramethylbenzidine (0.1 mg/ml; Sigma) and 0.06% H 2 O 2 in 0.05 M phosphate-citrate buffer at pH 5.0. The reaction was stopped by adding 25 l of 1 M H 2 SO 4 , and the absorbance at 450 nm was determined. The concentration of IFN-␥ was determined by extrapolation from a standard curve by using recombinant cytokine. The results are expressed below as the amount of IFN-␥ secreted per 10 6 spleen cells. In one experiment prior to analysis we depleted the spleen cell suspensions of CD4 ϩ cells using rat anti-mouse CD4 antibodies or of CD8 ϩ cells using rat anti-mouse CD8 antibodies (Pharmingen) and anti-rat IgG-coated beads (Dynal).
Statistical analyses. Statistical analyses were performed by using a one-way analysis of variance with Dunnett's posttest.
RESULTS
CTB is an efficient carrier molecule for DC vaccination. To investigate if conjugation of an antigen to CTB could potentiate DC vaccination, mice were injected twice with DC that had been prepulsed with either free or CTB-conjugated OVA, and the titers of OVA-specific serum IgG were measured 2 weeks later. We found that DC pulsed with OVA-CTB was superior to DC pulsed with OVA alone for evoking an anti-OVA antibody response (Fig. 1) . Thus, low but consistent levels of anti-OVA IgG were found in mice that had been injected twice with OVA-pulsed DC, whereas no anti-OVA antibodies were detected in mice injected with mock-pulsed DC. The titers of anti-OVA IgG were 12 to 13 times higher (P Ͻ 0.01) in mice injected with OVA-CTB-pulsed DC than in mice that received DC pulsed with OVA alone or DC pulsed with a mixture of OVA and CTB (Fig. 1) .
When the DC-vaccinated mice were boosted with a low dose of OVA in FCA, the levels of anti-OVA IgG increased 5-to 10-fold in all primed mice but not in mice that had been vaccinated with mock-pulsed DC. Following the OVA booster, VOL. 71, 2003 CT and CTB PROMOTE DC VACCINATION 1741 mice initially vaccinated with OVA-CTB-pulsed DC had significantly higher (more than sixfold higher) anti-OVA serum IgG titers than mice that had been primed with OVA-pulsed DC or with DC that were pulsed with OVA plus CTB (Fig. 1) .
To ascertain that DC were responsible for the in vivo priming, we purified CD11c-positive cells from our bone marrow cultures and pulsed these cells, as well as nonpurified bone marrow-derived DC, with OVA-CTB prior to vaccination. Both populations of cells primed for B-cell and T-cell responses. There were no statistically significant differences in the anti-OVA serum titers or OVA-specific IFN-␥ responses between the two groups of recipient mice (data not shown).
CT is a strong adjuvant for DC vaccination. It has been postulated that CT exerts much of its adjuvant influence through a direct effect on APC (5, 7, 12 ). Therefore, we tested if CT adjuvant influenced the antibody responses following DC vaccination. Prior to injection, DC were pulsed with free or CTB-conjugated OVA in the presence or absence of CT, and the anti-OVA immune responses in recipient mice were then measured. CT treatment of DC significantly enhanced the anti-OVA titers (measured after two DC vaccinations) when both OVA-pulsed and OVA-CTB-pulsed DC were used (Fig. 2) . The anti-OVA titers were especially impressive in mice immunized with OVA-CTB-pulsed CT-treated DC. Thus, the anti-OVA titers were higher after two DC vaccinations with OVA-CTB-pulsed and CT-treated DC than after two DC priming vaccinations with OVA-pulsed DC followed by one booster immunization with OVA in FCA (Fig. 1) . After the OVA booster immunization, the groups primed with CT-treated DC continued to give higher anti-OVA titers than the corresponding groups primed with DC without any CT, but the differences were smaller than the differences after the primary immunizations (Fig. 2) .
CT-treated DC promote both Th1 and Th2 responses. The adjuvant effect of CT is believed to be IL-12 independent and Th2 biased (5, 12) . However, we found that CT promotes both Th1 and Th2 development. Thus, whereas vaccination with OVA-pulsed or OVA-CTB-pulsed DC preferentially induced anti-OVA IgG1 responses (Fig. 3A) , vaccination with CTtreated DC also induced strong anti-OVA IgG2a responses (Fig. 3B) . Furthermore, when spleen cell suspensions from these mice were activated in vitro with OVA and the IFN-␥ production was measured, we found that vaccination with CT adjuvant-treated DC enhanced the OVA-specific IFN-␥ responses when both OVA-pulsed and OVA-CTB-pulsed DC were used (Fig. 3C) . We could not detect any IL-4 production by in vitro activated spleen cells, irrespective of the vaccination protocol (data not shown).
CT is a highly efficient carrier for DC vaccination. To combine the carrier and adjuvant functions of CT and CTB, we coupled OVA to CT and pulsed DC with this construct. Due to the toxic side effects of CT, we used a 10-fold-lower dose of antigen than we used in the experiments described above (corresponding to 0.05 M OVA and 0.05 M CT or 0.05 M CTB). Treatment with OVA coupled to CT was superior to both treatment with OVA-CTB and treatment with OVA plus CT for inducing both B-cell and T-cell responses. Significantly stronger anti-OVA serum antibody responses were obtained FIG. 1. CTB is an efficient carrier molecule for DC vaccination. BALB/c mice were immunized twice with DC prepulsed with equimolar concentrations of either OVA, OVA plus CTB, or OVA-CTB (concentrations corresponding to 0.5 M OVA and 0.5 M CTB) and were boosted 2 weeks later with OVA in FCA. Serum was taken 14 days after the second DC vaccination (open bars) or 9 days after the booster dose (solid bars) and analyzed for OVA-specific IgG. The data are the arithmetic mean reciprocal titers and standard deviations for three or more mice. Two asterisks indicate that the P value was Ͻ0.01 for a comparison with mice that received OVA-pulsed DC or DC that were pulsed with OVA plus CTB.
FIG. 2.
CT is a strong adjuvant for DC vaccination. BALB/c mice were immunized twice with DC prepulsed with either 0.5 M OVA or 0.5 M OVA-CTB in the presence or absence of 0.05 M CT and were boosted 2 weeks later with OVA in FCA. Serum was taken 14 days after the second DC vaccination (open bars) or 9 days after the booster dose (solid bars) and analyzed for OVA-specific IgG. The data are the arithmetic mean reciprocal titers and standard deviations for three or more mice. Two asterisks indicate that the P value was Ͻ0.01 and one asterisk indicates that the P value was Ͻ0.05 for a comparison with mice that received antigen-pulsed DC in the absence of CT. (Fig. 4A) . Similarly, the OVA-specific IFN-␥ production was more than fourfold higher (P Ͻ 0.01) following vaccination with OVA-CT-pulsed DC than following vaccination with DC pulsed with OVA plus CT or DC pulsed with OVA-CTB (Fig. 4B) . Depletion of either CD4 ϩ or CD8 ϩ T-cell subsets prior to the cell ELISA analysis revealed that the OVA-specific IFN-␥ responses obtained were mediated by CD4 ϩ T cells (data not shown).
Cell surface expression of OVA and of costimulatory molecules on pulsed DC. To investigate if the levels of cell surfacebound OVA were correlated with immunogenicity, we compared the densities of OVA and CT or CTB on DC following 90 min of incubation with OVA, OVA-CTB, or OVA-CT. No CTB was detected on the surface of OVA-pulsed cells, whereas high densities of CTB were found on OVA-CT-and . The data are the arithmetic mean reciprocal titers and standard deviations for three or more mice. Two asterisks indicate that the P value was Ͻ0.01 and one asterisk indicates that the P value was Ͻ0.05 for a comparison with mice that received antigenpulsed DC in the absence of CT. (C) Mice were sacrificed 9 days after the boost dose, and OVA-specific IFN-␥ production was determined for pooled spleen cell suspensions from three mice. The data are the amounts of OVA-specific IFN-␥ produced by 10 6 spleen cells. The data are the arithmetic mean reciprocal titers and standard deviations for three or more mice. Two asterisks followed by the letter a indicate that the P value was Ͻ0.01 for a comparison with mice that received DC pulsed with OVA-CTB or OVA plus CT, and two asterisks followed by the letter b indicate that the P value was Ͻ0.01 for a comparison with mice that received DC pulsed with OVA plus CT. (B) Mice were sacrificed 9 days after the booster dose, and OVAspecific IFN-␥ production was determined in spleen cell suspensions. The bars indicate the mean amounts of OVA-specific IFN-␥ produced by 10 6 spleen cells for three mice; the error bars indicate standard deviations. Two asterisks indicate that the P value was Ͻ0.01 for a comparison with mice that received DC pulsed with OVA-CTB or with OVA plus CT.
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on September 7, 2017 by guest http://iai.asm.org/ OVA-CTB-pulsed cells (Fig. 5A) . Low levels of cell surface exposed OVA were detected in OVA-pulsed DC. The levels were similarly low in OVA-CT-and OVA-CTB-pulsed DC (Fig. 5A ). CT has previously been shown to enhance the cell surface levels of the costimulatory molecules CD80 and CD86 on DC. We found that OVA-CTB, OVA-CT, and CT, but not free OVA or free CTB, enhanced the expression of CD80 and CD86 on the pulsed DC (Fig. 5B) . Neither CT nor CTB affected the background staining when isotype-matched control antibodies were used (data not shown).
Cytokine production by pulsed DC. The levels of IL-1␤, IL-12(p40), and IL-18 were measured in 24-h culture supernatants from DC pulsed with either free OVA, CTB, or CT or with the OVA-CTB and OVA-CT constructs. We did not detect IL-18 in any of the samples (data not shown). Similarly, overall, the levels of secreted IL-12 were low (data not shown). Instead, native CT, OVA-CT, and OVA-CTB had a more pronounced effect on the production of IL-1␤. Thus, pulsing of DC with CT, but not pulsing of DC with OVA or CTB, induced an IL-1␤ response. This IL-1␤ response was even stronger when DC were pulsed with either OVA-CTB or OVA-CT (Fig. 6) . 
DISCUSSION
We investigated the immunomodulating effects of CT and CTB on DC vaccination. Prior to injection into syngeneic mice, bone marrow-derived DC were pulsed with either free OVA, OVA linked to CT or CTB, or mixtures of OVA and CT or CTB. The subsequent immune responses were measured after two DC vaccinations and then again after a subsequent OVA challenge. We found that CTB is an efficient carrier molecule for ex vivo antigen pulsing of DC, promoting a Th2-like response. Treatment of DC with CT adjuvant markedly enhanced the immunostimulatory capacity of the cells and predisposed them for a combined Th1-Th2 response. The apparently different carrier and adjuvant functions of CT and CTB could be combined for maximal potency if the antigen was linked directly to CT prior to DC pulsing, and this predisposed the cells for an even stronger Th1 response. The immunoenhancing capacity of CT, OVA-CT, and OVA-CTB could be linked to upregulated expression of CD80 and CD86 on the DC in combination with enhanced production of IL-1␤.
Our finding that CTB was an efficient carrier protein for DC vaccination in vivo corroborates our previous in vitro findings. In the previous studies coupling of antigen to CTB increased the efficacy of antigen presentation by DC and other APC and dramatically lowered the dose of antigen required for efficient presentation, effects that could be linked to increased uptake of the coupled antigen via binding to the GM1 receptor and upregulated expression of CD40 and CD86 on the APC (13) . The responses obtained in this study following vaccination with OVA-CTB-pulsed DC were Th2 biased (high titers of OVAspecific IgG1 but no IgG2a), which most likely reflects the fact that CTB treatment of DC did not induce the production of Th1-promoting cytokines, such as IL-12 or IL-18. Instead, CD40, which is upregulated on OVA-CTB-treated DC following interaction with T cells (13) , has recently been shown to induce Th2 development (24) . Furthermore, these results are in line with in vivo data showing that orally administered CTBcoupled antigen can be used as a treatment to change the immune response from Th1-mediated pathology (42, 43, 47) .
We also found that CT is a strong adjuvant for DC vaccination, enhancing both T-cell and B-cell responses. CT has previously been shown to enhance the cell surface expression of both MHC, costimulatory molecules, and chemokine receptors on DC and to affect the secretion of cytokines, such as IL-12 and tumor necrosis factor alpha (12) . We also found that there was strong upregulation of costimulatory molecules, particularly CD80. However, contrary to previous reports (12), we found that CT by itself induced the secretion of IL-1␤ from DC. Similar observations have been made with related cell types, including macrophages (6, 7, 11) . IL-1 not only induces the maturation of DC (33) but also is an efficient mucosal adjuvant when it is coadministered with protein antigens (38) , and it might be responsible for a substantial part of CT's adjuvant activity (6, 38) .
Coupling of antigen directly to CT was superior to pulsing DC with OVA-CTB in the presence of CT, which could reflect the joint targeting of antigen and adjuvanticity to the same DC or possibly to the same subcellular compartment. The alternative possibility, that there is competition between CT and OVA-CTB for GM1 binding which leads to lower uptake of OVA in DC pulsed with OVA-CTB plus CT than in DC pulsed with OVA-CT, is less likely inasmuch as other in vitro studies have shown that such competition would require Ͼ100-foldhigher concentrations of CT than those used in the present study (J. Holmgren, unpublished observations).
The adjuvant effect of CT on DC vaccination was also associated with the induction of a Th1-type response. This occurred despite a lack of IL-12 or IL-18 priming and could not be attributed to IL-1␤ production (as OVA-CTB and OVA-CT induced comparable levels of IL-1␤). One possibility is that the increased levels of IgG2a and IFN-␥ obtained following vaccination with CT-treated DC simply reflect the overall stronger immune response obtained with CT-treated DC. However, other factors could influence the Th1-Th2 balance. CT-pulsed DC carried considerable quantities of CT adjuvant on their cell surfaces. We do not know to what extent such cell surfacebound CT retains adjuvant properties towards adjacent cells and whether cell surface-bound CT potentiates Th1 development. However, our preliminary in vitro data show that the toxic effects of CT on T cells are lost if CT is attached to DC, suggesting that DC cell surface-bound CT does not enter adjacent cells. It is also debated whether free CT can induce a Th1 response and/or a Th2 response. Several studies have shown that CT by itself primes for an exclusive Th2 response by inhibiting IL-12 production (5, 12). However, when CT is administered mucosally as an adjuvant, it induces a combined Th1-Th2 response (16, 17) like our CT-pulsed DC, and, in contrast to CTB, it aggravates Th1-mediated delayed-type hypersensitivity and autoimmune tissue reactions (42) . Another possibility is that the levels of costimulatory molecules on the injected CT-pulsed DC affect Th1 and Th2 commitment. CTtreated or OVA-CT-pulsed DC upregulated their expression of CD80 to a much greater degree than OVA-CTB-pulsed DC. Even though no consensus has been reached regarding the roles of CD80 and CD86 in Th1 and Th2 development, there have been several reports which have shown that high levels of CD80 do drive Th1 commitment, either through a Th1-specific pathway or simply by offering more costimulation (18, 35, 36) . Furthermore, we cannot rule out the possibility that CT and CTB affect intracellular processing and loading of OVA onto MHC molecules in different ways, nor can we rule out the possibility that chemokine receptor expression, chemokine secretion patterns, and intracellular survival of OVA-CTB-and OVA-CT-pulsed DC might differ. Irrespective of the underlying mechanism(s), the use of CT as a DC adjuvant should be especially interesting for DC vaccination against selected virus infections or tumors, where a Th1 response is desired. The normal toxicity of CT, which precludes its use as an adjuvant for in vivo administered vaccines, appears to be irrelevant for DC vaccination, in which the CT treatment takes place in vitro and there is extensive washing of the DC before they are infused in vivo.
It was interesting that chemical conjugates of OVA-CTB and OVA-CT had a greater impact on cytokine production than any of the native proteins alone, including CT. Thus, the highest levels of IL-12 and IL-1␤ produced by the DC were induced by the chemical conjugates. CT, OVA-CT, and OVA-CTB, but not free OVA or free CTB, also induced enhanced expression of CD80 and CD86. We do not know why chemical conjugates have such strong immunomodulatory effects on the production of cytokines and on the levels of costimulatory molecules, but we believe that these effects are related to chemical modifications induced by the coupling procedure. Irrespective of the underlying mechanism, these strong effects on DC phenotype and on IL-1␤ production could explain part of the immunopotentiating capacity of CT and CTB conjugates.
In summary, both CT and CTB can be utilized to enhance the responsiveness to DC vaccination. Conjugating antigen to CT or CTB prior to DC pulsing could enhance the subsequent immune response through several mechanisms, including (i) enhanced uptake and presentation of the conjugated protein, (ii) IL-1␤ costimulation, and (iii) enhanced expression of costimulatory molecules. Furthermore, through selective use of CTB and CT as carrier antigens it is possible to direct the immune response towards a Th2 response and towards a combined Th1-Th2 response, respectively, which has obvious potential implications for the induction of a desired type of immune response through the DC vaccination approach.
